Frequency comb-referenced measurements of sub-Doppler laser saturation dip absorption lines in the v 1 + v 3 band of acetylene near 1.5 µm are reported. These measurements include transitions involving higher rotational levels than previously frequency measured in this band. The accuracy of the measured frequencies is typically better than 10 kHz. Measurements of the observed sub-Doppler line widths as a function of pressure showed that the self pressure-broadening coefficients are about 3.5 times larger than those derived from conventional pressure broadening of unsaturated Doppler-limited spectra. This is attributed to the contribution of velocity-changing collisions to the total dephasing rate in the low pressure sub-Doppler measurements.
Frequency comb-referenced measurements of sub-Doppler laser saturation dip absorption lines in the v 1 + v 3 band of acetylene near 1.5 µm are reported. These measurements include transitions involving higher rotational levels than previously frequency measured in this band. The accuracy of the measured frequencies is typically better than 10 kHz. Measurements of the observed sub-Doppler line widths as a function of pressure showed that the self pressure-broadening coefficients are about 3.5 times larger than those derived from conventional pressure broadening of unsaturated Doppler-limited spectra. This is attributed to the contribution of velocity-changing collisions to the total dephasing rate in the low pressure sub-Doppler measurements.
At higher pressures, when the homogeneous broadening becomes comparable to the typical Doppler shift per elastic collision, the velocity changing collisions cease to contribute significantly to the incremental pressure broadening. A time-dependent soft collision model is developed to illustrate the transition between low and high pressure regimes of sub-Doppler pressure-broadening. 
I. INTRODUCTION
The v 1 + v 3 band of acetylene, C 2 H 2 , is a strong vibrational combination band in the 1.5µm region of the spectrum. It is a parallel band with a simple P-(∆J = −1) and R-(∆J = +1) branch rotational structure and has long been used as a secondary wavelength, and more recently 1 frequency, standard. Techniques for the routine frequency-measurement of optical spectra have opened the way to far more precise determinations of line positions and shapes 2,3 than were previously available. We have previously frequency-measured hot band lines in this spectrum for the purposes of calibrating Doppler-and pressure-broadened measurements. 4 These measurements were made using laser saturation dip spectroscopy with a fiber laser-amplified c.w. extended cavity diode laser referenced to a frequency comb as the source.
Here, we report rest frequency measurements for some lines in the spectrum that have not previously been frequency measured. 1 During the frequency measurements, it was noted that the width of the saturation resonance varied with pressure, in a similar way to that seen in a conventional absorption spectrum. The pressure and power dependence of the saturation dips have been measured and analyzed. The pressure broadening coefficients are typically about 3.5 times larger than those previously reported from conventional, Dopplerlimited, spectroscopic measurements at much higher pressures. Previous measurements of sub-Doppler saturation dip spectra in atoms such as Xe 5,6 and others discussed in section IV also report self-pressure broadening coefficients larger than seen in Doppler broadened spectra. Multiple observations, see for example references, 7-9 of sub-Doppler spectra of methane in the 3.39 µm lasing transition have also been reported and these also exhibit larger self-pressure-broadening coefficients. Measurements of sub-Doppler CO 2 vibrationrotation transitions 10-12 also show larger self-broadening than observed in Doppler-limited spectra The interpretation of these and other similar observations has generally focussed on the effects of velocity-changing collisions. Physically, this is reasonable as sub-Doppler spectroscopy, in which a single velocity group of molecules is selected, might be expected to be more sensitive to weak, large cross section, collisions compared to Doppler-limited spectra where the line width is determined by the ensemble average of all velocities in the sample. In the spirit of these ideas, we describe a simple collisional model based on a soft collision model 13, 14 and the interplay between damping and dephasing, which mimics the observations.
II. EXPERIMENTAL
Sub-Doppler spectra of selected ro-vibrational lines in the v 1 + v 3 band of acetylene were measured by the transmission of an external cavity diode laser beam through a resonant cavity containing low pressures of acetylene. The probe laser beam was locked to a cavity resonance using the Pound-Drever-Hall method, 15 with a DC-300 kHz error correction signal added directly to the diode injection current. The resonant cavity consisted of two highlyreflective mirrors, each mounted on a PZT piezo-electric actuator. One actuator with a slow response, but longer travel was used for coarse positioning of the cavity modes, the second with short travel, but higher frequency response executed an 830 Hz dither in addition to a stepwise ramp scan, generated by a second feedback loop that controlled the offset frequency between the probe laser and a reference tooth of the frequency comb. With both feedback loops locked, the repetition rate of the frequency comb was stepped to change the average optical frequency of the synchronously dithered probe laser and sample cavity transmission maximum through the sub-Doppler resonance. Data were recorded using an optical frequency step size of approximately 70 kHz through the center of each line, with steps three times larger elsewhere, to accelerate the data acquisition. Each data point was typically averaged for 3s with a 300ms output time constant for the lock-in amplifier. A programmed delay was included after each frequency step to allow the system to stabilize before data acquisition began. More complete details have been previously reported. 4, 16 As detailed below, the data analysis was carried out assuming a Voigt-type profile to account for a combination of transit-time and pressure-broadening effects. The (narrow) transit-time contribution to the observations is most important for the lower pressure measurements and an analysis of the effect of changing the width of the Gaussian component is included in Supplementary Information for this paper.
We found the line shape modeling required a pressure-independent Lorentzian component to the line shape function, that could not be attributed to the effect of wavelength modulation broadening. 17, 18 Instead, this residual broadening is mostly due to fluctuations of the probe laser frequency derived from mechanical and acoustical noise sources. The av-erage laser frequency was accurately maintained by reference to the frequency comb, but the bandwidth of the phase lock loop holding the absolute comb frequency was slow enough that measured data points were an average over a Lorentzian distribution of frequencies centered about the exact center one. The 830 Hz component of the fluctuations was demodulated by the detection system. We have modeled the effect quantitatively by assuming a Lorentzian distribution of frequency noise on top of 1-f wavelength modulation of a Voigt line shape.
The convolution of two Lorentzian functions, i.e. frequency noise plus a pressure-dependent broadening, leads to a new Lorentzian function with width parameter, γ, equal to the sum of the widths of the two constituents. The modeling also showed that he modulation-induced broadening was small, and its effects were confined to the Gaussian, transit-time, contribution to the Voigt line shape, implying the actual transit time broadening was somewhat smaller than derived below.
III. RESULTS

A. Pressure-dependent line profiles
Sub-Doppler resonances for the P(31) line at several pressures are shown in Figure 1 With an estimated beam waist radius in the cavity of ≈ 0.5 mm and assuming the expression for transit-time broadening from Bordé and Hall, 20-22 ∆ν tt ≈ up 8w 0 we estimate a Gaussian half-width-half-maximum (HWHM) of 0.112 MHz. In fact, an initial analysis of the P(31) data showed the Gaussian contribution to be constant over the pressure range studied, at approximately 0.105 MHz HWHM, which is very close to the estimate. We note that other Power broadening was characterized in separate experiments in which data for P(31) were recorded at a pressure of 14.3 × 10 −3 mbar at a series of intracavity laser powers. Over the range 11-40 mW, the HWHM increased linearly with a slope of γ pwr = 3.38(33) kHz/mW, suggesting the power broadening contribution to the spectra in Figure 1 is no more than 37 kHz. Hence, the instrumental broadening due to the effect discussed in section II is of the order of 230 kHz HWHM. A series of saturation dip spectra at pressures from 2.9 to 29.4 mTorr ((3.9 -39.2)×10 −3 mbar) for the P(31) -P(37) lines in the v 1 + v 3 band spectrum of acetylene were measured and analyzed. Table I summarizes the self pressure-broadening coefficients for sub-Doppler resonances in these transitions, along with literature values of the pressure broadening coefficients derived from Doppler-broadened spectra. All sub-Doppler coeffcients are significantly larger than their Doppler-broadened counterparts and we also note that the change in γ self measured here (≈4%) over this limited range of rotational quantum numbers is significantly smaller than for conventional Doppler-limited spectra, where there is a 15% reduction from P(31) to P (35) . These observations imply that different mechanisms are active in the two types of experimental measurements and we discuss this below. There is much current interest in differences between self pressure-broadening in ortho-and para-acetylene. 27,28
Unfortunately, the estimated error in the self-broadening coefficient for the only para-line for which pressure broadening has been measured here, P(34), is too large to distinguish small ortho-/para-differences.
B. Rest frequencies
The rest frequencies determined for the observed rotational transitions are also summarized in 
The total correlation function can be approximated as the product of an exponential damping function Φ γ (τ ), a fly-out or transit time damping function Φ tt (τ ), and a velocity-dependent
The damping rate γ is primarily a pressure-dependent inelastic damping rate but may also include a zero-pressure radiative contribution. Neglected in this model are any pressure shifts, collision effects in the excited state, properly treated with a density matrix approach, power broadening and the variation of the saturation parameter on the pressure, and any effects of radially variable intensities, wavefront curvature and recoil effects, all important in more quantitative treatments. 6,24, 40, 41 The finite duration of the collisions is neglected by assuming a negligible phase shift during the collision. The speed-dependence of collision rates has also been neglected, as has any explicit treatment of residual broadening due to instrumental effects discussed above.
It is worth noting that the velocity change associated with inelastic collisions, while contributing substantially to the conventional diffusion constant and the overall translational thermalization rate, is irrelevant to pressure broadening, since the state change immediately removes the molecule from the near-resonantly driven ensemble under consideration. It is only the differential cross sections for elastic (state-preserving) collisions that need be considered in the evaluation of Φ v (τ ). When expressed as a laboratory-frame collision kernel, the forward peak in the elastic differential cross section leads to a cusp-like distribution of velocity change along a viewing direction. [42] [43] [44] In the present numerical illustration, the collision kernel is approximated as a symmetric exponential function of the velocity change along the viewing direction:
with ∆ vcc the average absolute value of the velocity change following an elastic collision. This form of a collision kernel does not have the correct asymptotic form required to converge at long times to a Maxwell-Boltzmann velocity distribution, but it can quite accurately represent the first few elastic collisions with small total displacements in velocity space compared to the thermal velocity. Inelastic collisions truncate the sequence of elastic velocity changing collision long before thermalization, so that this failure to satisfy asymptotic reversibility is not a serious problem. Realistic calculations of elastic differential cross sections peak at scattering angles less than 2 degrees, which, when combined with the kinematic averaging of center of mass to laboratory frame velocity changes find typical Doppler shifts of a few MHz per collision for C 2 H 2 transitions in the near infrared at room temperature.
With these simplifications, a numerical simulation based on Eq. (1-7) for the pressure- Two limiting pressure regimes can be seen, with local slopes corresponding to the total collision rate at low pressure, and just the inelastic collision rate at high pressures. The transition between high and low pressure regimes occurs when the total pressure broadening is comparable to the Doppler shift per collision. where the present acetylene measurements were made, the ensemble average of the elastic collisions results in nearly full dephasing at the total collision rate, γ e + γ. This is consistent with good fits to a Voigt line shape, and a linear pressure dependence of the Lorentzian broadening, as observed experimentally. The slope of HWHM vs. pressure in this region is the total collision rate/2π. The line shapes begin to deviate from Voigt forms by 0.1 mbar as the increasingly fast inelastic damping rate begins to compete with the dephasing between different velocity groups. Eventually, at high enough pressures, the velocity changing collisions have no further incremental effect on the pressure broadening. Our measurement of a sub-Doppler pressure broadening with a slope 3.5 times the value obtained by conventional spectroscopy in Doppler-broadened gaseous samples is consistent with an elastic collision rate 2.5 times larger than the inelastic contribution. The linearity of the Lorentzian fitting parameter up to 0.05 mbar is consistent with a typical Doppler shift per elastic collision of at least 2 MHz, according to this simple model.
IV. DISCUSSION
Using saturation dip laser absorption spectroscopy, we have frequency measured the positions of a number of rotational lines in the v 1 + v 3 combination band of acetylene. For the stronger transitions, we were able to determine the effect of self-collisional broadening of the line profiles as the sample pressure was increased. The broadening coefficients determined in the present experiment, see Table I, are Other reported measurements of molecular sub-Doppler lines have also found 2-4× greater pressure broadening coefficients compared to measurements of Doppler-broadened lines. 7,8,10-12,23, 34, 35, 46 The most detailed studies of the effects of VCCs on saturated absorption profiles have been in atoms such as Xe, 5, 47 and Rb with He, Ne, Ar and Xe collision partners. 43 The extremely strong atomic transitions permit measurements over a wide range of pressures. These studies show the same qualitative behavior as depicted in our model, although pressure-broadening in them is primarily driven by phase interrupting atomic collisions, rather than the rotationally inelastic collisions that dominate molecular systems.
At low pressures, the narrow sub-Doppler saturated resonance is observed to have a larger Lorentzian broadening component than calculated, based on the pressure broadening coefficient measured in conventional absorption studies. Line widths are also found to increase with a non-linear pressure dependence: linear at low pressures followed by a region of downward curvature, approaching a high pressure linear region with a slope near the value measured for the Doppler-broadened gas-phase absorption data.
Similar results were seen in methane 7,9 in early measurements of the 3.39 µm lasing transition. The direct effect of VCCs with increasing pressure can also be seen in the formation of a broad pedestal under the narrow saturation feature under appropriate conditions. 9 Measurements of vibration-rotation transitions in CO 2 found a γ self for the saturation features that was 2.7× larger than the Doppler-broadened quantity. 11,12 A similar result for CO broadening. This implies that, for these molecules, the effects of VCCs in the saturation dip experiment are minimal, contrary to the case of acetylene, methane, CO 2 or ethylene, above.
The obvious difference is the presence of the dipole moment in CH 3 F and NH 3 , causing even long-range collisions to be dominated by dipole-dipole interactions more effective at causing state-or phase-changing transitions than in molecules or atoms without a dipole moment.
These observations are in accord with measurements and modeling of the decay of coherent transients reported by Berman et al. 53 Their work investigated the effects of velocity changing collisions by measurement of photon echo signals following rapid Stark switching of the molecular transition frequency out of resonance with the probe laser frequency. The conclusions were that, in CH 3 F, the decay of a Doppler hole created by a narrow band laser is dominated by hard, inelastic, collisions. Further, the measurements were interpreted to show that phase-changing collisions in the absence of state-changing ones, were also of low probability, so that the T 1 and T 2 lifetimes were the same. Much more recent work by initially tagged level appears to be fully thermalized translationally in a single collision. This special type of collision between indistinguishable particles may of course also be considered, rather than the complete translational thermalization of the tagged quantum state, as a small-angle soft collision, but with an exchange of rotational state labels. In either view, these special energy-elastic self-collisions will contribute to pressure broadening, despite having no observable effect on the energy transfer rates. It is the relative importance of these collisions that is at issue in the current interest in possible ortho/para differences in the pressure broadening of acetylene. 27,28
It would be interesting to measure coherent transients in acetylene using a rapid 
